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.2013.01.0Abstract Non-Darcian forced convection heat transfer over a horizontal ﬂat plate in a porous
medium of spherical particles has been studied experimentally. With air as the working ﬂuid, the
effects of particle diameter and particles materials of different thermal conductivities were exam-
ined. The heat transfer measurements were obtained by heating the test plate under the condition
of constant heat ﬂux. The experiments have been made for Reynolds numbers ranging from 105 to
106 based on the test plate length. The porous media used in the experiments were made of glass,
rock, and steel covering a wide range of solid thermal conductivity. Particles diameters of 2.7 mm,
4.2 mm, 5.6 mm, 8.1 mm, and 11 mm for rock material and 11 mm particle diameter for glass and
steel materials were used. It was found that higher heat transfer coefﬁcients were obtained with lar-
ger particle size and higher particle thermal conductivity.
 2013 Ain Shams University. Production and hosting by Elsevier B.V.
All rights reserved.1. Introduction
Forced convection heat transfer through porous media is of
great practical interest. Applications include drying processes,
thermal insulation, direct contact heat exchangers, heat pipe
and nuclear waste repository [1–3]. The concept of the heat
transfer in porous media has been examined by many investi-
gators. Poulikakos and Renken [4] analyzed theoretically the
forced convection in a channel ﬁlled with porous medium,
and accounted for the effect of ﬂow inertia, variable porosity,rg.
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02and Brinkman friction. El-Kady et al. [5] studied the forced
ﬂow through a circular pipe ﬁlled with saturated porous med-
ia. El-Kady [6] investigated theoretically the forced convection
heat transfer and ﬂow in an annular channel ﬁlled with porous
media taking into consideration the non-Darcian effects.
Adnani et al. [1] studied the inﬂuence of axial dispersion on
heat transfer in a packed tube by incorporating a term to rep-
resent the axial dispersion in the energy equation. A study of
non-Darcian forced convection in an asymmetric heating sin-
tered porous channel was carried out to investigate the feasibil-
ity of using this channel as a heat sink for high-performance
forced air cooling in microelectronics by Hwang et al. [7]. In
the on-going search for techniques to augment convective heat
transfer, attention has recently been directed at the possibility
of embedding the heat transfer surface in a packed bed. Huang
et al. [8], Kimura and Yoneya [9], Nasr et al. [10] and Aﬁfy and
Berbish [11] suggested the use of packed beds of spherical
particles to enhance convective heat transfer from a circularier B.V. All rights reserved.
Nomenclature
SI system of units was used for the whole parameters within
the present work
A surface area of the heated plate
d particle diameter
Cos / power factor
hx local heat transfer coefﬁcient
h average heat transfer coefﬁcient
k thermal conductivity
L length of the test plate
NuL local Nusselt number
NuL average Nusselt number for plate with porous
media
NuLo average Nusselt number for plate without porous
media
qt total heat input to the main heater
Rm main heater resistance
ReL Reynolds number, ReL = U1L/m
T1 free-stream temperature
Tw surface temperature
U1 free-stream mean velocity
Vm electric voltage across main heater
x streamwise distance from the plate leading edge
l dynamic viscosity of the ﬂuid
m kinematic viscosity of the ﬂuid
q density of the ﬂuid
e bulk porosity of the packed bed
Subscripts
f ﬂuid
m stagnant
p based on particle diameter
s solid
606 S.E. Mahgoubcylinder embedded in a porous media. Vafai [12], Kaviany [13],
Nakayama et al. [3], Vafai and Kim [14], and Huang and Vafai
[15] analyzed theoretically the forced convection along a ﬂat
plate embedded in a porous media. Vafai [12] and Vafai
et al. [16] studied the effects of ﬂow channeling on forced con-
vection along a ﬂat plate theoretically and experimentally. The
effect of ﬂow channeling was to enhance the heat transfer from
the wall. On the other hand, increasing the ﬂow inertia reduced
the heat transfer, relative to Darcy ﬂow model [4]. Kaviany
[13] and Nakayama et al. [3] evoked the boundary layer
approximations and solved the generalized momentum equa-
tion. Vafai and Kim [14] performed a numerical analysis of
forced convection over a porous/ﬂuid composite system, which
consisted of a thin porous medium attached to the surface of
the ﬂat plate. The present paper reports the results of an exper-
imental study of forced convection heat transfer from a ﬂat
plate in a packed bed of spherical particles. In the present
work, non-Darcian forced convection heat transfer from a ﬂat
plate embedded in a packed bed of spherical particles is tested.
Several packing materials, encompassing a wide range of ther-
mal conductivities, have been employed with air as the work-
ing ﬂuid at different ﬂow velocities. The experiments have
been performed with spherical particles of various diameters
in order to generate a large data base. New correlation for
average Nusselt number was obtained as a function of Rey-
nolds number, particle diameter to plate length ratio and stag-
nant effective-to-ﬂuid thermal conductivity ratio. The porous
medium used in the test section is ﬁxed over a ﬂat plate using
a box with dimensions 630 mm · 305 mm · 50 mm made from
steel screen of size mesh (2 mm · 2 mm) as illustrated in Photo
1 and Fig. 2. The porous media were packed beds of solid
spheres made of steel, rock, and glass.2. Apparatus
Themeasurements were carried out in an open-loop air ﬂow cir-
cuit in suctionmodeof a relatively low turbulence levelwind tun-
nel. The turbulence intensity at the centerline of the tunnel in the
potential core is about 0.8%. This tunnel has a 2700 mm longtest section with square cross-section of 305 mm · 305 mm.
The tests were carried out at different free-stream velocities.
Transition wire trip of 5 mm diameter installed at beginning of
the leading edge of the test section trips the boundary layer
and provides a fully developed turbulent boundary layer at the
test section entrance for free-stream velocities. Fig. 1 shows
the schematic diagram of the wind tunnel.
The porous medium has approximate dimensions of
630 mm length, 305 mm width and 50 mm height, Fig. 2.
The porous media used in the experiments were packed beds
of solid spheres made of glass, rock, and steel covering a wide
range of solid thermal conductivity. Particle diameters of
2.7 mm, 4.2 mm, 5.6 mm, 8.1 mm, and 11.0 mm were used.
The equivalent particle diameter was used for rock sphere
particles.
The permeability of porous medium has an important role
in the heat transfer rate. The effect of permeability is taken
into consideration using the bulk porosity since the porosity
is an indication of soil permeability. This is shown through
the thermal conductivity Eq. (4), also through the local Nusselt
number in Eq. (5) and through the average heat transfer coef-
ﬁcient and the corresponding average Nusselt number in Eq.
(6). The measuring permeability from apparatus shown in
Photo 2 showed that the permeability for ﬁne glass balls
(u= 11 mm) is 0.21 cm/s while for steel balls is 0.24 cm/s
and for ﬁne stone (u= 3 mm) is 3.2 · 102 cm/s while for
coarse stone (u= 11 mm) is 3.9 · 102 cm/s.
The bulk porosity for the whole porous media was taken
nearly about 0.43. The porosity for ﬁne stone (u= 3 mm) is
taken nearly about 0.22 while for coarse stone (u= 11 mm)
is nearly about 0.17. For glass sphere (u= 11 mm), the poros-
ity is taken nearly about 0.34 and for steel sphere
(u= 11 mm), the porosity is nearly about 0.31. The total
thickness of porous medium has been assumed to be constant
(50 mm) consisting of layers of spherical particles. The packed
beds are poured randomly inside the test section cage until it is
ﬁlled. Glass, iron and steel have standard dimensions
(u= 11 mm) but stone dimensions were taken as an average
value. For external ﬂow, thickness of porous medium has no
effect since it is made of wire mesh.
Photo 1 Fine stone, coarse stone and spherical glass porous medium.
Figure 1 General layout of the experimental set-up.
Figure 2 Schematic drawing of the heating unit assembly.
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consists of the heating plate, the main and guard heaters, asbes-
tos between the two heaters, heater insulation and woodenframe. The heating surface was made of aluminum plate having
dimensions of 500 mm length and 200 mm width. The heated
test plate was placed at a distance of 2100 mm from the begin-
ning of the working section. The particles of the porous medium
were placed over the heated ﬂat plate. The air stream ﬂows over
the tested ﬂat platewas heated that, under uniformheat ﬂux con-
ditions, bymeansof an electrical heaters. The total heat liberated
from the main heater was given to the air stream by eliminating
the different losses. The main heater is made of a nickel chro-
mium wire which is wound around a sheet of mica
500 mm · 200 mm · 1.0 mm and placed between two mica
sheets of equal dimensions. Also, a guard heater, similar to the
main heater, was used to establish thermal equilibrium in the
asbestos layer placed between the main and guard heaters.
Asbestos sheets were used to thermally insulate the heating unit
and a wooden frame was also used to hold all the heating ele-
ments with its asbestos insulation section, as shown in Fig. 2.
The heating unit assemblywas supported inside the wind tunnel.
3. Measuring instruments
The velocity was measured at the center of the wind tunnel
using a Pitot tube connected to a micro manometer with ﬁve
Photo 2 Permeability measuring apparatus.
608 S.E. Mahgoubdifferent scales and with a minimum reading of 10 Pa. The
accuracy of measurement of the velocity is estimated to
be ± 2%.
The surface temperatures of the heated plate were measured
using ﬁfteen calibrated copper-constantan thermocouples. The
thermocouples were welded to the back surface of the test plate
and distributed along the length and across the span of the test
plate (eleven along the length and four across the span). Also,
the free-stream temperature, T1, of the air was taken as the
average of the readings of two thermocouples located at the
center-line of the wind tunnel over the test plate. The temper-
atures were indicated by using a digital thermometer connected
to the thermocouples leads via selector switches with a mini-
mum reading of 0.1 C.
The electric power inputs to the main and guard heaters
were determined separately by measuring both the voltage
drop and the electric resistance for each heater. Two digital
voltmeters were used to measure the input voltage to the main
and the guard heaters with a minimum reading of 0.1 V. A dig-
ital multimeter was used to measure the electric resistance for
each of the main and the guard heater with a minimum reading
of 0.1 X. Also, two variac transformers were used to adjust the
heating power for the main and the guard heaters by varying
the input voltages.
4. Experimental procedure and method of calculations
The bulk porosity of the porous medium was computed from
the equation [10]:
e ¼ ðVt  VpÞ=Vt ð1Þ
where Vp is the ratio of the measured weight of the particles
that occupy the porous media test section to their density
and Vt is the porous media test section total volume.
The experimental measurements were carried out at steady
state conditions where the main heater variac transformer was
ﬁxed at a particular voltage and the guard heater input was
regulated to insure thermal equilibrium in the asbestos layer
placed between the main and the guard heaters. This was
established when the temperature difference between the asbes-
tos-layer surfaces becomes less than 0.2 C.
After steady state conditions were achieved, the thermocou-
ples readings were recorded and the local heat transfer coefﬁ-
cient was calculated by,hx ¼ qt  qLoss
AðTwðxÞ  T1Þ ð2Þ
The electrical power generated from the main heater, qt,
was determined from the measured voltage and the measured
main heater resistance as;
qt ¼
V2mCos/
Rm
ð3Þ
The power factor, Cos /, was 0.98 for the present resistive
load (heaters). Also, the total heat lost from the plate, qLoss,
was estimated to be 3% and 5% of the heater power input
at high and low velocities, respectively.
The results were reduced to dimensionless parameters,
which take on different forms depending on the choice of the
length scale and the thermal conductivity. One of the possible
choices for the thermal conductivity is the volume averaged
(effective) conductivity of the bed. The stagnant effective ther-
mal conductivity was calculated as Nasr et al. [10] from the
equation:
km ¼ kf 1
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð1 eÞ
p
þ 2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃð1 eÞp
1 kB 
ð1 kÞB
ð1 kBÞ2 ln
1
kB
 "(
 Bþ 1
2
 B 1
1 kB

ð4Þ
where B= 1.25[(1e)/e]10/9 and k ¼ kf=ks.
The local Nusselt number based on the plate stream wise
length was calculated by,
NuL ¼ hxL
kf
ð5Þ
Also, the average heat transfer coefﬁcient and the corre-
sponding average Nusselt number were calculated at different
ﬂow velocities as:
h ¼ 1
L
Z L
0
hxdx and NuL ¼ hL
kf
ð6Þ
The power input was controlled so that a temperature dif-
ference of approximately 10 C was maintained between sur-
face temperature and the free-stream temperature. A higher
temperature difference (10 C) was intentionally avoided in or-
der to minimize ﬂuid property variations. The thermo-physical
ﬂuid properties were based on the ﬁlm temperature.
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Generally, the accuracy of the experimental results is governed
by the accuracy of the individual measuring instruments. Also,
the accuracy of an instrument is limited by its minimum divi-
sion (its sensitivity). In the present work, the uncertainties in
both the heat transfer coefﬁcient (Nusselt number) and in
the ﬂow velocity (Reynolds number) were estimated following
the differential approximation method.
An uncertainty analysis was performed to estimate uncer-
tainties in the reported data. The total uncertainty in measur-
ing the main heater input voltage, the main heater electric
resistance, the air temperature (T1) and heating surface tem-
perature (Tw), the plate surface area (A) and the error in calcu-
lating the net heat transfer rate (qConv.) were 0.23%, 0.05%,
0.66%, 0.66%, 0.18% and 3%, respectively. These were com-
bined to give a maximum overall error of 4.78% in the re-
ported heat transfer coefﬁcient. The uncertainty in the
effective thermal conductivity was of ±20% [10]. Also, uncer-
tainty of 2.0% was found in measuring the ﬂow velocity or re-
ported Reynolds number.
6. Results and discussion
The effects of particle diameter and particle thermal conductiv-
ity on heat transfer were investigated for different ﬂow veloc-
ities. Particle diameters of 2.7 mm, 4.2 mm, 5.6 mm, 8.1 mm,
and 11.0 mm were used. The porous media used in the exper-
iments were packed beds of solid spheres made of steel, rock,
and glass.
6.1. Test setup evaluation
A preliminary series of experiments for the heat transfer coef-
ﬁcient of a smooth ﬂat plate without porous media was con-
ducted to check the accuracy of the experimental set-up and
the method of calculations. In these tests, the particles were re-
moved from the test section. The heat transfer coefﬁcient was
calculated using the present experimental data at different
Reynolds numbers. Fig. 3 shows the variation of local Nusselt
number at different Reynolds numbers. Also, the average Nus-
selt number versus the Reynolds number is shown in Fig. 4.Figure 3 Local Nusselt number, NuL, versus x/L at different ReynoThe average Nusselt number was correlated as a function of
Reynolds number by using the least square method and the
following correlation was obtained:
NuLo ¼ 0:0475 Re0:78L ð7Þ
This correlation was valid within the present range of Rey-
nolds number from 105 to 106 with a maximum deviation of
±5% as shown in Fig. 4. The present correlation was com-
pared with the available previous correlations [17,18] and good
agreement was found as shown in Fig. 4. The good agreement
between the present experimental results and the previous cor-
relations provides considerable conﬁdence in the accuracy of
the data subsequently obtained with the porous media in the
test section.
6.2. Effect of Reynolds number on local heat transfer
The effect of the Reynolds number on the local Nusselt num-
ber is shown in Fig. 5 for particle diameter d= 11 mm for steel
porous medium. The local Nusselt number is a decreasing
function of the axial distance, x/L, in the ﬂow direction. The
results show that the local Nusselt number increases with
increasing the Reynolds number as expected.
6.3. Effect of particle diameter on local heat transfer
For a given porous medium, it was found that variations in the
particle size inﬂuenced the heat transfer coefﬁcient. The local
Nusselt number was found to increase with increasing particle
diameter. Fig. 6 is a sample plot illustrating this feature for
rock porous medium and Reynolds number, ReL = 437,500.
A larger particle size causes a larger permeability, which in
turn leads to larger velocities. Therefore smaller particles cause
a thicker thermal boundary layer, leading to smaller heat
transfer coefﬁcient. A comparison for local Nusselt number
verses x/L for rock material without porous media was done
with reference [19].
6.4. Effect of particle conductivity on local heat transfer
The effect of the thermal conductivity is shown in Fig. 7 for a
ﬁxed value of the Reynolds number, ReL = 575,000 and par-lds number for horizontal smooth plate (without porous media).
Figure 4 Comparison between the present and previously published correlations for horizontal smooth plate (without porous media).
Figure 5 Local Nusselt number, NuL, versus x/L for 11.00 mm diameter of different materials of porous media at different Reynolds
number.
Figure 6 Local Nusselt number, NuL, versus x/L for rock different diameters at ReL = 437,500.
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Figure 7 Local Nusselt number, NuL, versus x/L for 11.00 mm diameter of different materials of porous media at ReL = 437,500.
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Nusselt number is associated with the use of steel porous med-
ium. This is due to the high thermal conductivity of steel,
which results in high contact conduction.
6.5. Average heat transfer results
The variation of the average Nusselt number for different par-
ticle diameters with the Reynolds number is indicated in Fig. 8
for a given porous medium. The average heat transfer coefﬁ-
cient was found to increase with increasing particle diameter.
Fig. 8 is a sample plot illustrating this feature for a bed of rock
spheres.
The effect of the thermal conductivity of the porous med-
ium on the average Nusselt number is shown in Fig. 9 for
11 mm particle diameter. The heat transfer coefﬁcient in the
steel bed is higher by about 50% than that corresponding to
glass for same ﬂow velocity. Thus, it is concluded that for a
constant particle size, an increase in particle conductivity
yields an increase in the heat transfer coefﬁcient. Since exper-Figure 8 Average Nusselt number, NuL, variation with Reynolds Nimental data for this physical conﬁguration are scarce, the
present experimental results, showing the effects of particle
diameter and packing material thermal conductivity, may
serve as a data base for the veriﬁcation of improved models.
To illustrate the heat transfer enhancement due to the par-
ticles, the average Nusselt number of a smooth ﬂat plate with-
out porous medium is also displayed in Figs. 8 and 9.6.6. Correlations of the heat transfer results
The Nusselt numbers were correlated in the following form:
NuL ¼ C1 ReC2L ð8Þ
where C1 and C2 are empirical constants obtained from least
squares ﬁtting of the experimental data.
It can be seen that the average Nusselt number can be pre-
sented in the following functional form:
NuL ¼ fðRe; d=L; km=kfÞ ð9Þumber, ReL, for rock particle having different particles materials.
Figure 10 Comparison of measured Nusselt number with correlated Nusselt number for 11.00 mm diameter of different materials of
porous media.
Figure 9 Average Nusselt number, NuL, variation with Reynolds Number, ReL, for 11.00 mm diameter of different materials of porous
media.
612 S.E. MahgoubThe particle diameter to plate length ratio and the stagnant
effective -to-ﬂuid thermal conductivity ratio were incorporated
into the correlating equation for the Nusselt number by
expressing the parameter C1 in Eq. (8) in the form:
C1 ¼ Cðd=LÞmðkm=kfÞn ð10Þ
Using a least-squares approach, suitable values for the param-
eters C, m and n were found to be 0.36, 0.27 and 0.43,
respectively.
The exponent of the Reynolds number C2 was found to be
0.68. This shows that the Reynolds number dependence on
heat transfer rates is the same in all the cases studied herein.
Thus, the generalized form of the correlating equation within
the present experimental ranges is:
NuL ¼ 0:36ðd=LÞ0:27ðkm=kfÞ0:43Re0:68L ð11ÞThis correlation is valid within the present ranges of Rey-
nolds number from 105 to 106, particle diameter to plate length
ratio from 0.0054 to 0.022 and stagnant effective-to-ﬂuid ther-
mal conductivity ratio from 6 to 17 with a maximum deviation
of ±7% as shown in Fig. 10.
7. Conclusions
The main focus of this research is to investigate forced convec-
tion heat transfer over a horizontal ﬂat plate in porous media.
The experimental runs were carried out for different values of
ﬂow velocity, particle diameter and particle thermal
conductivity.
The results of the present work lead to the following
conclusions:
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porous media was obtained and correlated as a function of
Reynolds number. The present correlation was compared
with the available previous correlations and good agree-
ment was found. This good agreement between the present
experimental results and the previous correlations provides
considerable conﬁdence in the accuracy of the data
obtained with the porous media in the test section.
2. The local heat transfer coefﬁcient is a decreasing function
of the axial distance in the ﬂow direction.
3. The heat transfer is greatly augmented by the presence of
the particles. The local and average heat transfer coefﬁ-
cients increase with increase in the Reynolds number, par-
ticle diameter and particle thermal conductivity.
4. The following correlation was obtained to estimate the
average Nusselt number as a function of Reynolds number,
particle diameter to plate length ratio and stagnant effec-
tive-to-ﬂuid thermal conductivity ratio.NuL ¼ 0:36ðd=LÞ0:27ðkm=kfÞ0:43 Re0:68LReferences
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